Introduction
In the late 1980s Atsumu Ohmura and several others (e.g. Ohmura and Lang, 1989) discovered that the amount of solar radiation reaching the surface had decreased at many radiation measurement sites between 1960 and 1990 . Near densely-populated areas and industries, 30% less solar radiation was reaching the ground in the 1980s than a few decades earlier (Wild, 2009) . However, since the mid 1980s a significant increase in visibility has been noted in western Europe (e.g. Doyle and Dorling, 2002) , and there are strong indications that a reduction in aerosol load from anthropogenic emissions (in other words, air pollution) has been the dominant contributor to this effect, which is also referred to as 'brightening' . In the Netherlands visibility, sunshine duration, surface global short-wave radiation and temperature have shown a significant rise during this period, consistent with direct and indirect aerosol effects, implying large regional aerosol effects on climate. The brightening has been stronger during continental windflow than during maritime episodes. This article discusses the evidence for brightening in the Netherlands and its possible connection to the accelerated warming since 1985.
Visibility, aerosols and climate
The World Meteorological Organization (WMO) gives the following definition of visibility:
Visibility is defined as the greatest distance at which a black object of suitable dimensions (located on the ground) can be seen and recognized when observed against the horizon sky during daylight or could be seen and recognized during the night if the general illumination were raised to the normal daylight level.
In the absence of rain or snow, visibility is largely determined by the aerosol concentration and humidity near the surface. Aerosols are small suspended particles from both natural (e.g. sea salt) and anthropogenic (burning of fossil fuel) sources, and their presence always causes a reduction in visibility due to the scattering of light.
When looking at a distant target, its appearance is altered in such a way that the contrast between the target and the background atmosphere decreases with increasing distance. The distance at which the contrast drops below the contrast threshold of the human eye, and the target becomes barely visible, is defined as the visibility (Horvath, 1981) . The visibility of an object varies from observer to observer and with ambient conditions. However, a professional observer can estimate a 'standard' visibility with reasonable accuracy. Recently, visibility has also been determined less subjectively by transmissometers or scatterometers.
The ability of aerosols to scatter light and alter the visibility is strongly dependent on the ambient relative humidity. Aerosols are normally hygroscopic and they take up water when relative humidity is high, increasing their diameters in the process by as much as a factor of four. For example, light scattering per unit mass for an ammonium sulphate aerosol remains fairly constant up a relative humidity of 80%, at which point the particle grows rapidly with an attendant sharp rise in light scattering with increasing relative humidity (Cass, 1979) . At relative humidities higher than about 80% visibility is decreased to what is often called a 'haze' . Relative humidity near 100% will lead to condensation of water vapour, reducing visibility even further and often leading to fog. Precipitation will also strongly reduce visibility. Therefore, visibility can be used as an indicator for changes in aerosol concentrations (Wang et al., 2009) ; the frequency of good-visibility days is especially suitable for this purpose because it is less sensitive to changes in relative humidity and precipitation (e.g. Gomez and Smith, 1987) . It is also not influenced by changes in cloud cover.
There are many ways in which aerosols may influence the climate; the most generally recognized ones are briefly summarized here. Aerosols can change the amount of solar radiation reaching the surface by absorption and scattering (the direct aerosol effect). Certain types of aerosol (e.g. soot) have the potential to change cloud formation by heating atmospheric layers (semi-direct aerosol effect) or by absorption of solar radiation. Aerosols can also influence climate by changing cloud characteristics (indirect aerosol effect), acting as cloud condensation nuclei on which cloud droplets form. Higher aerosol concentrations tend to increase the reflectance (albedo) and lifetime of clouds. These effects are extremely complex and generally considered to be one of the biggest uncertainties in our understanding of the climate system. Aerosols are removed from the troposphere by precipitation (a process scientists call wet deposition) and sedimentation by gravity (dry deposition). The smallest aerosols (or fine aerosols) tend to have longest lifetimes, because they can only be removed after growing by coagulation. Though globally the largest mass fraction (~85%) of aerosols is of natural origin, aerosols of anthropogenic origin are usually much smaller and thus have longest lifetimes. The observed dominant tropospheric aerosol variations have been attributed to human activities, especially near large population areas and industries. These properties make aerosols a potentially powerful player in the Earth's climate system.
Anthropogenic aerosol emissions
Many studies have shown that aerosol concentrations are strongly determined by regional sources. Natural aerosol sources mostly consist of sea salt and surface dust, which are relatively coarse particles. They dominate the total aerosol mass, but do not show significant trends. Most of the longterm variation in visibility is caused by human emissions of sulphate aerosols, which have up to ten times greater scattering efficiency per unit mass than larger dust particles, making them the most dominant scattering aerosol in the atmosphere.
A (Stern, 2006) . Sulphur emissions in Eastern Europe generally increased until the late 1980s, and then showed a strong decline coinciding with the collapse of the USSR and the fall of the Berlin Wall. We would expect changes in western European emissions to dominate changes in aerosol concentrations in the Netherlands, especially during westerly winds, with emissions from Eastern Europe contributing during periods of easterly winds, and the observations are in good agreement with the trends in emissions. Recent measurements of other important aerosols and precursor gasses (NOx, ammonium, benzenes) show similar decreasing trends in the Netherlands during the brightening period (more data can be found at http://www.compendiumvoordeleefomgeving.nl/dossiers/nl0076-luchtkwaliteitin-Nederland.html?i=14-66).
Although it seems likely that aerosols can explain a large fraction of the visibility variations, meteorological factors such as relative humidity, wind direction and speed, and stability (mixing of the air in the atmosphere) also contribute.
Visibility trends in the Netherlands
Here we analyse the trends in the frequency of days with high visibility at Schiphol (the main airport in the Netherlands, at 52°18′N and 4°46′E) and at De Bilt (the site of the Royal Netherlands Meteorological Institute, the KNMI, at 52°6′N and 5°11′E) ( Figure 2 ). These stations are roughly 45km apart: Schiphol is about 20km, and De Bilt about 60km, from the sea. Reliable measurements of daily maximum visibility at both stations are available since 1955. The days each year on which the visibility exceeded 19km were counted, and separated into continental and maritime wind regimes: the former is defined as a daily average wind direction between east and south (90°-180°), whilst all remaining daily average wind directions are classified as maritime. and the early 1980s, but has rapidly increased since then, indicating that a spectacular clearing of the air has been occurring in both De Bilt and Schiphol. This seems to have occurred for both continental and maritime winds, although an evaluation of the frequency of days with very high (>30km) visibilities reveals that for maritime wind directions the upward curve has levelled off since 2000. This might have been caused by the transition from human observers (who generally report higher visibility) to automatic weather stations (equipped with scattero-and transmissometers) in 2001, or by sea-salt aerosols becoming the limiting factor. The continental visibility profile still shows an upward trend, with the consequence that whereas the visibility on days with winds from the sea was formerly normally greater than on days with winds from the continent, this difference has practically vanished in recent years. Indeed, the frequency of very high (>30km) visibility days during continental winds has recently actually surpassed that associated with maritime winds, indicating that the presence of sea salt (in combination with higher relative humidity) during maritime conditions might indeed be a factor limiting the visibility. Continental air masses can have much lower concentrations of aerosols, as long as they are not polluted by anthropogenic aerosols. Blowing dust and forest fires can also severely limit the visibility in continental air, but these are relatively rare events in western Europe. The increase in high visibility days corresponds very well with the decrease in low visibility days found in the Netherlands by other studies such as Vautard et al. (2009) and van Oldenborgh et al. (2010) . The decreasing SO 2 concentrations are remarkably well-related to the increase of the number of high-visibility days in the Netherlands.
Influence of urbanization, atmospheric circulation and relative humidity
We need to investigate whether the visibility trends are possibly connected to trends in atmospheric circulation and relative humidity. Atmospheric circulation (wind speed and direction) determines the transport of aerosols and can influence relative humidity. The separation into maritime and continental wind regimes is a crude way of isolating visibility changes from aerosol emissions and atmospheric circulation variations, and gives some information about the emissions in the region where the air comes from. Though yearly variations of the wind regime are fairly large and the data shows some long-term variations, hardly any trend was observed since 1955 or during the dimming and brightening periods. Therefore, it seems unlikely that changes in the wind regime have been an important contributor to the increase in visibility since 1985.
A decrease in relative humidity has been observed since approximately 1985 in summer (May, June, July and August) between the times of sunrise and sunset both in Schiphol and in De Bilt. However, this does not occur during winter. The daily average rate of decrease of the relative humidity in the four summer months is about 0.25% per year since 1985 in Schiphol and is particularly strong in the early morning. This change in relative humidity might have contributed to the clearing of the atmosphere in Schiphol. Aerosol size is very sensitive to relative humidity (Ten Brink et al., 1996) , in particular to variations in the range 80-100%. The largest fractional change in the number of days with visibility exceeding 19km is observed precisely during the early morning and late afternoon when the average relative humidity exceeds 80% (as discussed below). In De Bilt, however, the decrease in relative humidity since 1985 is much more modest (a decrease of about 0.06% per year during daytime and an increase of about 0.04% per year during night-time) and not so strongly correlated with time.
Within a distance of about 10km the environment of the measuring site in De Bilt has hardly changed since 1985, while the airport of Schiphol has grown strongly. Since the 1970s, a large expansion of the built-up area (including office buildings, hotels, hangars and additional airstrips) at the airport has taken place. The number of passengers going through Schiphol per year has increased from about 1 million in 1960, to 10 million in 1980 and to 45 million in 2010. It is, therefore, likely that the growth of the airport has made the climate in Schiphol more 'urban' , especially reducing evaporation and lifting night-time temperatures. Since 1985 summer night-time temperatures have indeed risen much more at the measuring site of Schiphol than at most other measuring sites in The Netherlands, which show similar trends to those at De Bilt.
Trends in cloudiness, sunshine and global short-wave radiation
Besides leading to a better visibility (a direct aerosol effect), a decrease in aerosol concentration might also lead to a reduction in cloudiness (indirect aerosol effect). The sunshine duration measurements 1 , which are considered to be more accurate than cloud cover estimates, can be used as a good proxy of (daytime) cloudiness. The trends of yearly average daily sunshine duration (Figure 4 ), presented as a percentage of the day length, in both De Bilt and Schiphol show a similar pattern to the trends in high visibility days, and are consistent with what is expected from both the aerosol direct and indirect effect. Since the early 1980s, the sunshine frequency has increased by as much as 25%.
This trend is, however, occurring almost exclusively in summer: between 1985 and 1 At Schiphol, data was missing during a large part of the summer of 1967 and the data before that date was left out for convenience. The change in sunshine recording from Campbell-Stokes to pyranometers between 1991 and 1993 is not clearly reflected in the yearly average sunshine duration. yr −1 . We will see in the next section that this trend is reflected in summer in both the daily cycle of the trend in the number of high visibility days as well as in the daily cycle of the trend in the temperature during this period.
Visibility, aerosol loading and temperature
Upward trends in visibility are also occurring in other parts of Europe. Vautard et al. (2009) conclude that the reduction in low visibility conditions could have contributed up to 20% of the recent daytime warming in Europe, while Wild et al. (2007) concluded that aerosols have reduced global surface warming between 1955 and 1985 possibly by as much as 60-70%. Figure 5 displays the evolution of the average yearly temperature in De Bilt during two periods of 26 years. The first period (the dimming period) runs from 1958 to 1983, the second period (the brightening period) runs from 1985 to 2010. A linear regression of the temperature with respect to time, for the two periods separately, demonstrates that the temperature trend has been 0.022°C per year in the first period, while it has doubled to 0.044°C per year in the second period. The temperature trends are strikingly similar to those in both the visibility (Figure 3 ) and the sunshine duration (Figure 4) . It is, therefore, useful to investigate further the possible link between warming and the decreased aerosol loading.
Using the hourly observations from De Bilt we performed separate linear regressions of the average summer and winter temperatures for each hour of the day. As before, the summer is defined as comprising the months of May, June, July and August, i.e. 123 days. The winter is defined as comprising the months of November, December, January and February, i.e 120 days, not counting 29 February. We did this for two separate periods of 26 years. The first winter in the first period is the winter of 1957-1958, while the first summer is that of 1958; the first winter in the second period is the winter of 1984-1985, and the first summer that of 1985. Figure 6 demonstrates that the accelerated warming during the brightening period is observed only in summer during daytime. In winter the temperature timetrend hardly shows a daily cycle. Neither does it show a clear change between the first and the second period. Other processes than the aerosol effects on solar radiation, such as the anthropogenic greenhouse effect, or possibly changes in atmospheric circulation, dominate the warming trend because solar irradiance is small in winter (e.g. van Oldenborgh et al., 2009) . In summer we observe a spectacular change in the temperature trend during daylight hours (0500-1900 UTC) in De Bilt, especially during the morning hours (0600-1000 UTC): the mornings have been getting warmer at a rate which equates to an impressive 7 degC per century! Although there is hardly any significant trend in yearly average relative humidity or in cloudiness during the dimming and brightening periods, significant changes in these variables are found as a function of the time of the day. The strong warming during summer days during the brightening period is consistent with what we find from the trends in relative humidity ( Figure 7 ) and visibility (Figure 8 ). The clearing of the atmosphere during this period, both in terms of increasing visibility and in terms of decreasing cloudiness, is much less strong in winter than in summer: visibility has increased in winter since 1985 by about half the rate observed in summer. At the same time relative humidity has increased in winter since 1985 (Figure 7) . So, in winter there are two competing effects on visibility, namely increasing relative humidity, reducing visibility, and decreasing aerosol-loading enhancing visibility. Apparently, the aerosol effect on visibility dominates. During summer nights and during winter (day and night) relative humidity is usually at levels (>80%) where Figure 6 . The daily cycle in the linear trend in temperature in De Bilt during two periods of 26 years, for the winter and the summer, respectively. No significant daily cycle is observed in the winters, while the summers in the second period show a strong daily cycle which could be due to the change in both the direct and indirect aerosol effect, since aerosol concentrations have changed strongly during this period. Cleaner air over the Netherlands Figure 9 . The proportion of the day (0600-1800 UTC) and night (1900-0500 UTC) during which the cloud fraction is between 0 and 2 octas (i.e. clear and partly cloudy skies) in the summer months (May to August). trends in cloud cover are highly uncertain (the record is inhomogeneous), and the linear regression coefficient is also below 0.3. The summer daytime trends in visibility are however highly significant (R = 0.9). Besides that, we do not find a significant 'jump' in the cloud cover trends around 1985 similar to the ones we see for visibility and sunshine duration. This 'jump' however can also be found in the global radiation trends, suggesting that the aerosol direct effect dominates the trends in solar radiation at the surface during the brightening period.
All these changes during daytime are leading to an increase in surface solar radiation. This is confirmed by the measurements of global short-wave radiation at De Bilt, which show that this has steadily increased in summer but changed little in winter. It is likely that this effect is responsible for a significant part of the daytime upward temperature trend in summer, which is reflected also in an accelerated increase of the yearly average temperature after 1985. Nevertheless, we should not jump to conclusions too easily. Apparent agreement between trends does not imply causality. Possible causal links can only be identified by a model study in combination with an analysis of observations.
Summary
A major clearing of the air has occurred in the Netherlands in the past few decades. These changes are so large that they have become very obvious when looking at the data of individual stations. Strong indications can be found linking human emissions of aerosols to the visibility changes. Coincident with the visibility changes, large trends in cloud cover, sunshine duration and temperature are found, in particular during daytime in summer, showing that these tiny particles might have a significant influence on regional climate. visibility is very sensitive to changes in relative humidity. Figure 8 demonstrates that the clearing of the atmosphere is occurring in summer only during daytime. Visibility has changed relatively most strongly in the morning. Visibility has hardly changed during the night, probably because of the competing effect of increasing relative humidity (which, again, is much more important at night than during daytime).
The aerosol indirect effect on clouds can also influence global radiation, so it is necessary to look at changes in cloud cover. Cloud-cover measurements have been obtained by human observers and by ceilometers. Both generally report significantly different values. To remove some of this bias we have plotted the average fraction of the day and night during which partly cloudy and clear conditions occur (cloud cover between 0 and 2 octas). We have done this for the summer months when largest trends in global radiation, in relative humidity and in visibility were observed. It appears that cloud cover has decreased during both day and night ( Figure 9) ; the change has been significantly larger for daytime cloudiness than for night-time cloudiness, which is similar to the changes in relative humidity and visibility. This can probably partly be attributed to the indirect aerosol effect and the decrease in relative humidity. From both effects we expect fewer morning fogs (which has been observed, e.g. 
